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The accuracy of coronary arteriography to predict ob-
struction to coronary blood flow has recently been ques-
tioned. Assessment of coronary hemodynamic variables
and vasodilator reserve may provide more reliable in-
formation regarding the significance of coronary ste-
nosis. To provide a clinically safe and reliable method
of measuring coronary blood flow velocity and coronary
flow reserve, a 3F steerable Doppler catheter capable of
subselective placement in the coronary circulation was
developed and validated in an animal model. Coronary
blood flow velocity measured with the catheter corre-
lated with simultaneous measurements by a previously
validated external cuff type Doppler probe (r = 0.97),
coronary sinus flow collections (r = 0.78) and femoral
The ability to predict signific ant impairment of coron ary
blood flow from visual interpretation of coronary arterio-
grams is open to question . The effect of a coronary stenosi s
on myocardial perfusion is an integrated response of an
anatomic-hemodynamic system. Severity of coronary ste-
nosis is one part of the anatomic system and percent stenosis
alone does not describe the supply of blood flow to the
myoc ardium. Coronary perfusion pressure , coronary vas-
cular tone, collateral flow and stenosis configuration all
affec t myocardial perfusion. Kirkeeide et al. ( I) showed
that coronary flow reserve is a single functional measure of
coronary stenos is severity that is determined by all of the
hemodynamic variables and geometric characteristics of that
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artery flow collections (r = 0.96). The extravascular
Doppler cuff measurements of rest flow velocity and
vasodilator reserve were not significantly different with
or without the catheter in the artery, indicating that the
Doppler catheter caused no obstruction to blood flow.
The Doppler catheter has recorded stable and repro-
ducible signals without complications in 28 patients , in-
cluding 62 separate arterial cannulations. Thus: I) the
3F Doppler coronary catheter is nonobstructing, steer-
able and safe; 2) there is an excellent correlation of blood
flow velocity with volume collections; and 3) the catheter
provides a reliable method of determining coronary blood
flow velocity and coronary vasodilator reserve.
(J Am Coil Cardiol 1986;8:1332-40)
stenosis. White et al. (2) found that physiologic assessment
of coronary obstructive disease using coronary flow reserve
does not correlate well with percent diameter stenosi s by
angiography.
Coronary blood flow velocity and vasodilator reserve
have been measured during open chest surgery using elec-
tromagnetic flow meters (3) and an epicardial suction Dop-
pler probe (4) . However, hemodynamic data can be obtained
by these method s only during surgical procedures, severely
limiting data collection . Coronary sinus thermodilution
techn iques cannot selectively measure flow in a single coro-
nary artery with the exception of the left anterior descending
artery, Xenon clearance techniques measure regional blood
flow, but cannot provide a cont inuous assessment of second
to second changes in selective coronary blood flow. Also,
coronary flow rates greater than 200 mllmin per 100 g cannot
be accurately measured and more than two flow measure-
ments are not possible with current clearan ce techniques
(5) . Videodensitometric method s are able to assess rapid
changes in regional coronary blood flow; however , deter-
mination of coronary flow reserve by digital subtraction
angiography requires precisely timed contrast injections and
patient cooperation. The system required to obtain such data
may be too complex for routine clinical use (6,7).
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Hartley and Cole (8. 9) developed the first Doppl er coro-
nary catheter capable of on-line continuous measurements
of coronary blood flow veloc ity and coronary flow reserve
in humans. A 20 MHz piezoelectric crystal was placed at
the tip of a Sones catheter. Because of its size (SF). this
catheter was too large to be placed subselectively in the
coro nary circulation. More recentl y. W ilson et al. (10 ) val-
ida ted the ability of a 3F coro nary catheter with a side-
mounted piezoelectric crystal to provide accurate continuous
on-line measurements of co ronary blood flow velocity and
vasodi lator reserve . However . poor signal quality was ob-
tained in 12 of 70 patients studied with this catheter. A
limitation of this system appeared to be inability to steer
the catheter away from small branch vessels and the arterial
wall . Because no catheter lumen was available for guide
wire placement. it was difficult to contro l direction of the
catheter in the coronary circul ation.
To provide a consistent and clinica lly safe method of
measuring coro nary blood flow velocity and coronary flow
reserve. we developed a 3F Doppler coronary catheter with
an intern al lumen that accommodates a standard angioplasty
steera ble guide wire. Th e guide wire allows precise place-
ment and easy adjustment of the catheter in the coron ary
circulation. The purpose of this study was to assess the
reliabilit y of this catheter in determining coronary blood
flow veloci ty and coronary vasodi lator reserve. We report
data to docum ent that this catheter is nonobstructing . steer-
able and safe and has a linear co rrela tion of blood flow
velocity with flow over a wide range of values .
Methods
Catheter design. A circul ar 20 MHz ceramic crystal
capable of both transmitting and receiving acoustic signals
is attached to the tip of a USCI Rentrop reperfusion catheter
(Millar Instruments). This catheter is 4F in the main body.
with a wire weave for torque control. and the distal 20 cm
tip tapers to 3F ( I mm outer diameter). Two wires attached
to the crystal pass within the catheter between the outer
catheter sheath and an inner lumen tubing that traverses the
full length of the catheter. The intern al lumen is 0 .015 inch
(0.038 ern) and will accomm odate a 0. 014 inch (0. 0356
ern) flexible steerable guide wire (Fig. I). An electrical
leakage test was zero at either polarity. using a device ca-
pable of detecting I /-LA at 600 Y.
Instrumentation. A range-gated 20 MHz pulsed Dop-
pler velocimeter (Baylor College of Med icine) conn ected to
the proximal end of the catheter detects the Doppler shift
of the echoes from the blood cells within the adju stable
sample volume which is I to 12 mm distal to the catheter
tip. The Doppler frequency is related to the velocity of the
reflectors (red blood ce lls) by the Doppler equation: ,M =
2.F.Y/C.cos( 0). where M is the Doppl er shift frequency. F
is the transmitter frequency (20 MHz) . Y is the average
velocity of the blood cells with in the sample volume. C is
the speed of sound in blood ( 1,500 m/s) and () is the angle
between the sound beam and the direction of blood flow.
Using an end-mounted crystal with the catheter parallel ( ± 20°)
to the vessel axis, cos(0) = I ± 6%, and the relation be-
tween the Doppler shift and veloci ty is appro ximately 3.75
cm/s per kHz. The 20 MHz ultrasound frequ ency and the
62 .5 kHz pulse repetition frequency allow the record ing of
veloci ties up to 115 cm/s at I to 12 mm distances from the
crystal face.
The pulsed Doppl er velocimeter provides two simulta-
neous outputs that represent the spatially averaged veloc ity
within the sample volume. Each is a measure of the fre-
quenc y of zero crossi ngs of the Doppl er audio signal ca li-
brated at 0 .25 Y/kH z, but eac h has different amounts of
filtr ation . The phasic output displays the pulsatile velocity
signal with a band pass from direct current to 15 Hz, and
the mean output (which elimin ates the pulsations) has a band
pass from direct current to 0 .25 Hz. Because of the uncer-
tainties in relating the measured frequency shift within the
sample volume to the average velocity across the lumen or
to volume flow, the data are expressed in terms of the
measured frequency shift in kHz. The phasic and mean
velocity signals from the pulsed Doppler velocimeter were
recorded on a Hewlett-Packard strip chart recorder (model
7758 0) with bioelectric ampl ifiers .
Invitro studies . The relation between the mean Doppler
frequency shift measured by the Doppler catheter and timed
volum e collections was determ ined by placing the Doppl er
catheter in a 2 .6 mm diameter polyethylene tube system
Figure I. The 3F Doppler coronary catheter in profile.
A lumen extends the entire length of the catheter and
will accommodate a 0.014 inch (0.0356 cm) guide
wire.
epoxy
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Figure 2. Placementof the Dopplercatheter in the left circumflex
coronary artery proximal to the extravascular Doppler cuff probe.
LAD = left anterior descending coronary artery.
not to have arterial branches exiting the left circumflex artery
between the extravascular and intracoronary crystals. An
optimal signal was obtained by moving the catheter slightly
within the arterial lumen. placing torque on the flexible
guide wire extending through the tip of the Doppler catheter
and adjusting the range gate control. The same criteria were
used to optimize the signals from both the cuff-type probe
and catheter probe.
Sixty-seven measurements 01" rest and hyperemic coro-
nary blood flow velocity (induced by a 5 cc injection of
meglumine diatrizoate) were then performed simultaneously
by the cuff-type Doppler probe and the Doppler coronary
catheter. The ratio of the peak to rest blood flow velocity
was used as a measurement of coronary flow reserve (Fig.
2 and 3).
In one animal, global coronary blood flow was altered
by injecting dipyridamole intravenously (0.56 mg/kg body
weight) over 4 minutes. injecting boluses of papaverine
intravenously (10 to 20 mg) and subsequently by hemor-
rhagic hypotension and replacement of blood volume with
saline solution. During this manipulation of global coronary
blood flow, 64 measurements of coronary blood flow ve-
locity were made simultaneously with the cuff-type Doppler
probe and the Doppler coronary catheter.
In two dogs the right femoral artery was dissected and
a segment was isolated that was visually estimated to be the
size of the left circumflex coronary artery (2 to 3 mm). The
branches in this segment were ligated. The distal end of the
artery was cannulated with polyethylene tubing and flow
through the tubing was controlled with a pinch clamp. The
8F guiding catheter was advanced down the descending
aorta into the right femoral artery to a position proximal to
the dissected segment of femoral artery. The 0.014 inch
filled with whole blood and connected to a roller pump.
Flow through the polyethylene tube was measured with a
graduated cylinder and stopwatch. Flow was altered by ad-
justing the roller pump. A simultaneous measurement of
mean Doppler frequency shift with the Doppler coronary
catheter was obtained at each level of flow. To obtain an
estimate of blood flow in milliliters per minute using the
mean Doppler frequency shift. the cross-sectional area of
the polyethylene tube (0.056 crrr') was multiplied by the
constant 3.75 cm/s per kHz and 60 seconds. This assumes
that the angle of the Doppler signal and blood flow is 0°.
Animal validation studies. Eight large mongrel dogs
were anesthetized with pentobarbital sodium and halothane
and mechanically ventilated. An 8F sheath was placed in
the left carotid artery for arterial access. Catheters were then
placed in the right carotid artery for measurement of arterial
pressure and in the left jugular vein for drug infusions.
Heparin sodium (10,000 units) was given intravenously.
Animals were placed on their right side and a left thora-
cotomy was performed. The pericardium was stripped and
a small segment of the left circumflex coronary artery was
dissected free. An extravascular cuff-type Doppler probe
was then positioned on the surface of the dissected segment.
Acoustic gel was placed beneath the cuff on the surface of
the coronary artery to enhance the Doppler signal. The range
gate was adjusted to obtain the maximal Doppler shift as
indicated by the acoustic signal from the flow meter and
phasic signal on the strip chart recorder.
An 8F right coronary guiding catheter (USCI)) was then
passed through the left carotid artery sheath under fluoros-
copy and positioned at the ostium of the left main coronary
artery. Reactive hyperemia was induced by a 5 cc injection
of meglumine diatrizoate through the guiding catheter and
into the left circumflex artery. Several measurements of
coronary blood flow velocity at rest and after hyperemia
with the cuff-type Doppler probe were performed before the
Doppler coronary catheter was advanced into the left cir-
cumflex coronary artery. Previous studies have shown that
changes in coronary blood flow velocity measured with epi-
cardial Doppler probes correlate highly with changes in
myocardial perfusion measured with microspheres, timed
volume collections of coronary sinus flow and electromag-
netic flow meter measurements of blood flow (4). Other
studies (11,12) have demonstrated linear relations between
blood flow and Doppler shift for cuff-type probes similar
to those used in this study.
The Doppler catheter was preloaded with a 0.014 inch
(0.035 cm) flexible steerable guide wire (USC/). Under flu-
oroscopic guidance the guide wire was positioned in the left
circumflex coronary artery in a position just proximal to the
epicardial Doppler probe. The Doppler coronary catheter
was advanced through the guiding catheter over the guide
wire into the left circumflex artery and placed in position
proximal to the cuff-type Doppler probe. Care was taken
v
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Figure 3. Hyperemia induced by injection of 5
ml contrast medium into the left circumflex coro-
nary artery of a dog and recorded simultaneously
with an extravascular Doppler cuff probe (left)
and an intracoronary Doppler catheter (right).
The difference in signal amplitude between the
two crystals is explained by the different angles
of the pulsed Doppler signal to coronary flow.
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steerable guide wire was then placed in the dissected femoral
artery segment and the Doppler catheter was advanced to a
position proximal to the insertion of the polyethylene tubing.
Timed volume collections of blood were made with a grad-
uated cylinder stopwatch technique while simultaneously
measuring mean blood flow velocity with the Doppler cath-
eter. Eighteen collections were made in one dog and 15
collections were made in the second dog.
In one dog a right thoracotomy was performed with the
animal on its left side. A small incision was made in the
right atrial appendage and a 2.5F pediatric Foley catheter
was advanced through the right atrium into the coronary
sinus. The balloon was inflated with 3 ml saline solution.
The Doppler coronary catheter was then placed in the left
anterior descending artery and an optimal signal obtained.
Coronary blood flow velocity was altered over a large range
using intravenous dipyridamole (0.56 mg/kg) and papav-
erine (10 to 20 mg). Timed volume collections of coronary
sinus flow were made with a graduated cylinder stopwatch
technique. Simultaneous mean coronary blood flow velocity
was measured with the Doppler catheter.
In five dogs, the left circumflex coronary artery was
opened by an incision at autopsy and carefully inspected
for evidence of trauma or thrombus formation.
Human studies. We have studied 28 patients in the
cardiac catheterization laboratory with the Doppler coronary
catheter. All patients in this study gave written informed
consent for elective percutaneous transluminal coronary an-
gioplasty. A separate informed consent form for the Doppler
study was obtained from each patient. All clinical studies
involving the Doppler coronary catheter were approved by
the Human Use Committee of the Institutional Review Board
at the University of Alabama at Birmingham Medical Center
on June 12, 1985. Patients underwent a routine precardiac
catheterization protocol which involved a fasting state and
intravenous or intramuscular administration of diphenhy-
dramine and atropine. Because most of these patients had
an anginal syndrome and were undergoing coronary angio-
plasty, they were treated with nitroglycerin, calcium channel
blocking agents and oral dipyridamole. Local anesthesia was
given with I% lidocaine, and diagnostic coronary angiog-
raphy was performed in the affected artery using an 8F
guiding catheter.
Heparin sodium (10,000 U) was given intravenously be-
fore the Doppler catheter study. The Doppler catheter was
pre loaded with a 0.012 inch (0.030 em) flexible steerable
guide wire (Schneider-Medintag). The tip of this guide wire
was preformed according to the anatomy of the coronary
artery. The guide wire was then extended approximately 7
ern beyond the tip of the Doppler catheter and this system
was passed through the guiding catheter into the coronary
artery. The guide wire was placed at a position proximal to
the stenosis under study. The Doppler catheter was moved
into a position proximal to the stenosis while maintaining
the position of the guide wire. An optimal audio signal and
a phasic tracing of maximal coronary blood flow velocity
at rest were obtained by adjusting the range gate control,
making minor adjustments in the position of the Doppler
catheter and torquing the flexible steerable guide wire to
move the tip of the Doppler catheter.
Figure 4. Relation of increasing blood flow collected from a rigid
tube to changes in calculated flow using mean Doppler frequency
shift measured by the Doppler catheter multiplied by luminal cross-
sectional area.
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Figure 6. Relation of 64 simultaneous measures of mean coronary
blood flow velocity by a cuff-type Doppl er probe and an intra-
coronary Doppler catheter. Mean velocity was altered over a wide
range ( 1.53 to 10.6 kHz).
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To assess the vasodilator reserve of the particular coro-
llary artery under study. coronary blood flow velocity was
measured after intracoronary injection of meglumine dia-
trizoate. Baseline recordings were made of phasic and mean
coronary blood flow velocity. Meglumine diatrizoate (5 rnl)
was injected through the guiding catheter into the coronary
ostium. Changes in blood flow velocity were recorded con-
tinuously until the flow velocity returned to baseline. The
extra total radiation dose from the fluoroscopic guidance
was less than 0.05 rad per case.
Statistical analysis. Pearson correlation coefficients were
used to compare the Doppler catheter mean flow velocity
with other measurements of blood fl ow. A paired t test was
used to assess differences in coronary flow velocity before
and after left circumflex coronary cannulation with the Dop-
pler catheter. Probability values were considered significant
if less than 0.05.
Results
In Vitro Studies
Measurements of blood flow calculated from the mean
velocity and polyethylene tube cross-sectional area were
closely correlated with timed collections of blood flow over
a broad range (r = 0.96. range = 14 to 192 ml/min,
slope = 10.15) (Fig. 4).
Animal Validation Studies
Femoral artery volume velocity measurements. The
femoral artery volume collections were signifi cantly cor-
related with mean blood now velocity measured by the
Doppler catheter in two dogs (Fig. 5). Fifteen volume col-
lections were made from the first dog with a range of 6 to
266 ml/rnin (r = 0.98. slope 23.72). Eighteen volume col-
lections were made from the second animal with a range of
19 to 282 mllmin (r = 0.96, slope 28.45).
Cuff-t ype Doppler probe versus intracoronary Dop-
pler catheter. Sixty-four simultaneous measurements of
coronary blood flow velocity at rest were obtained with the
cuff-type Doppler probe placed immediately distal to the
intracoronary Doppler catheter position (Fig. 6). Coronary
blood flow velocity was altered over a wide range of coro-
nary now velocity and the paired measurements correlated
highly (r = 0.97. range 1.53 to 10.6 kli z, slope = 1.03).
Sixty-seven simultaneous measurements of peak to rest
velocity ratio were obtained with the cuff-type Doppler probe
positioned immediately distal to the intracoronary Doppler
catheter (Fig. 7). The mean value for the external Doppler
cuff was 3.15 kHz (SD = 1.50) and 2.81 (SO = 1.19) for
the Doppler catheter. The 67 peak to rest velocity ratio
r = 0.72
p< 0 0001
n = 67
0
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Figure 7. Relat ion of 67 simultaneous measures of peak to rest
coro nary flow velocity ratio by a cuff-type Doppl er probe and an
intracoro nary Doppler catheter.
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Figure 5. Relation of pulsat ile in vivo blood flow in a fem oral
artery to simultaneo us mean blood flow ve locity in that artery
measured by a Doppler catheter in two dogs.
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Figure 9. Human phasicDoppler tracings fromthe leftmain(LM),
left anterior descending (LAD), left circumflex (Lex) and right
(RCA) coronary arteries. Note the greater amplitude of systolic
flow velocity in the right coronary artery compared with the left
anterior descending artery. Dias = diastolic; Sys = systolic.
coronary artery induced by a 5 ml injection of meglumine
diatrizoate is seen in Figure 10. Figure II demonstrates rest
and peak coronary blood flow velocity measured proximal
to a 90% stenosis of the middle left anterior descending
coronary artery before and after this vessel was dilated by
coronary angioplasty.
Stable velocity recordings were obtained in all 62 coro-
nary artery cannulations. No complications occurred during
the procedures. There was no evidence of dissection or
thrombus formation on subsequent angiograms.
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Discussion
We have developed and validated a 3F Doppler catheter
capable of measuring blood flow velocity and vasodilator
reserve in the major arteries and branches of the coronary
circulation. The miniaturization of the Doppler crystal has
made possible a I mm (outer diameter) catheter with a lumen
capable of accommodating the same flexible steerable guide
wire used in coronary angioplasty. An important advantage
of this system is that it can be safely and easily passed in
the major arteries of the coronary circulation. The steerable
nature of the guide wire catheter system allows precise ad-
justment and positioning of the Doppler crystal. This was
not possible with previous Doppler catheters; consequently,
the safety of positioning and stability of signals was not
optimal (8,10).
Comparison with previous studies. The cuff-type Dop-
pler probe used for validation of our intracoronary catheter
is very similar to the epicardial probe validated by previous
investigators (4, II , 12). Their studies showed that changes
in coronary blood flow velocity measured with the Doppler
probe correlated highly with changes in myocardial perfu-
sion measured with microspheres, timed volume collections
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Human Studies
The Doppler coronary catheter was used to measure coro-
nary blood flow velocity in 28 patients undergoing elective
percutaneous transluminal coronary angioplasty. The pro-
cedures included 62 separate coronary artery cannulations-
38 in the left anterior descending, 14 in the left circumflex
and lOin the right coronary artery-and I in a saphenous
vein graft to the right coronary artery. Examples of the
phasic tracings from the left main, right, left circumflex and
left anterior descending coronary arteries are shown in Fig-
ure 9. An example of a hyperemic response in the right
Figure 8. Relation between increases in mean bloodflow velocity
in the left anteriordescending (LAD)coronary artery measured in
one dog with a Dopplercatheterand simultaneous coronary sinus
blood flow.
values were positively correlated (r = 0.72, range = 1.30
to 8.12, slope = 0.902).
Coronary sinus volume collections. Twelve timed vol-
ume collections of coronary sinus flow were positively cor-
related with rest mean coronary blood flow velocity mea-
sured in the left anterior descending coronary artery
(r = 0.78, range = 10.5 to 19.5 cc/min, slope = 1.15)
(Fig. 8).
Evaluation of possible coronary obstruction produced
by the Doppler coronary catheter. Measurements with
the epicardial cuff-type Doppler probe before the Doppler
catheter was placed in the coronary artery were averaged.
The mean rest flow velocity was 3.12 kHz (SO = 1.62).
The same number of epicardial Doppler measurements were
averaged immediately after the Doppler catheter was placed
in the left circumflex artery and the mean rest flow velocity
was 3.19 kHz (SO = 1.45). The mean peak to rest velocity
ratio was 3.04 (SO = 1.15) without and 3.18 (SO = 1.65)
with the Doppler catheter in the left circumflex artery. The
means were not significantly different using a paired t test.
Autopsy examination. In five animals a longitudinal
incision was made in the left circumflex coronary artery
after the Doppler studies. There was no gross evidence of
thrombus formation, dissection or intimal damage.
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Figure 10. Contrast hyperemia (b) in-
duced proximal to the 50% stenosis in
themid-right coronary artery (RCA) seen
on the left (a).
5cc contrast injection
of coronary sinus flow. electromagnetic flow meter mea-
surements of blood flow and timed collections of flow in
peripheral arteries.
With our Doppler catheter. changes in mean rest blood
flow velocity in the left circumflex artery were compared
with simultaneous measurements by this previously vali-
dated cuff-type probe. Over a large range of flow velocities
(1.53 to 10.6 kHz) the correlation was linear (r = 0.97).
There is a systematic difference of approximately I kHz
between the Doppler catheter and cuff measurements of
frequency shift. This is most likely attributed to the different
angles of the Doppler crystal in relation to blood flow.
Theoretically. the Doppler cuff crystal is oriented at a 45°
angle and the Doppler catheter crystal at a 0° angle in relation
to blood flow.
When coronary vasodilator reserve was varied over a
large range. the values obtained from the cuff-type probe
and Doppler catheter were positively and significantly cor-
related: however. the vasodilator reserve values were not
as closely correlated as those found by Wilson et al. (10).
Our measurements with the cuff-type Doppler probe before
and after the Doppler catheter was placed in the coronary
99"10 Mid LAD Stenosis - Preangroplasty
Figure II. a, A99%stenosis of the leftanterior
descending artery ina 54 yearold man with New
York Heart Association class III angina. b, Rest
andpeak coronary flow velocity measured prox-
imal to the stenosis. c, The Doppler catheter in
position proximal to the stenosis with the guide
wire extended out of the lumen. d, Afterangio-
plasty, the stenosis is reduced to 10%. e, Sub-
sequent contrast hyperemia measured proximal
to the stenosis.
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artery showed no significant change in either rest mean
coronary blood flow velocity or coronary vasodilator re-
serve . These data suggest that this intracoronary Doppler
catheter does not obstruct coronary flow and agree with
Wilson's data (10) using a similar 3F coronary catheter.
Validation studies. Data from our study substantiate
that change in mean coronary blood flow velocity (measured
in kilohertz shift) is linearly correlated with change in blood
flow. This validation was done in several ways . First we
varied blood flow through a rigid nonpulsatile tube and
simultaneously measured mean Doppler frequency shift with
the Doppler coronary catheter. The correlation coefficient
was 0.96 and agreed with previous results obtained by Mar-
cus et al. (4) when validating an epicardial Doppler probe.
Femoral artery collections of blood volume correlated well
with simultaneous mean blood flow velocity measured with
the Doppler catheter (r = 0 .96). This is very similar to the
correlations obtained by Cole and Hartley (8) from femoral
artery collections using a larger 8F Sones Doppler catheter.
The timed volume collections of coronary sinus flow were
significantly correlated with rest mean coronary blood flow
velocity, but were less highly correlated (r = 0.78) than
other volume-velocity correlations reported in this study.
This lower correlation is probably due to the difficulty in
maintaining the position of a balloon catheter in the coronary
sinus over a I hour time period while flow was varied over
a wide range .
These animal studies are consistent with the results of
Wilson et al. (10) using a Doppler catheter of the same size
but with a side-mounted crystal. The end-mounted crystal
has advantages over the side-mounted crystal. This is most
obvious in the Doppler equation itself (Doppler frequency
shift = 2.f.V/C x cos (0». The angle of the side-mounted
crystal in relation to blood flow is 45°. If this angle were
to vary 15° in either direction and blood flow velocity were
to remain constant, the Doppler frequency shift could vary
as much as 23% from baseline. On the other hand, with an
end-mounted crystal , the theoretical angle of the acoustic
signal to blood flow is 0°. If the angle of the tip of the
Doppler catheter were to change by 15° in either direction ,
the change in the Doppler frequency shift would be a max-
imum of 3.5%.
Human studies. Another advantage ofan end-mounted
crystal is the presence of a lumen in the catheter that allows
passage of a flexible steerable guide wire. This guide wire
provides easy and safe access to the coronary circulation
and its main branches . These features were most obvious
in the first 28 patients studied with this Doppler coronary
catheter. Stable, acceptable acoustic signals were obtained
in all 28 patients . This is partly attributed to the maneu-
verability of the catheter tip within the arterial lumen. When
low frequency sounds indicative of wall motion were pres-
ent, torque was applied to the guide wire and the position
of the catheter tip could be rotated into the mainstream of
blood flow. By passing the catheter over the guide wire ,
we were able to selectively steer away from small branch
vessels. Previous studies with a side-mounted Doppler crys-
tal showed that measurements of phasic coronary blood flow
velocity were unobtainable in 12 of 70 patients studied be-
cause of the inability to precisely move the catheter tip ( 10).
Safety of the intracoronary Doppler catheter. There
was no electrical leakage using a device capable of detecting
I }-LA at 600 V. In five dogs, the Doppler catheter was
manipulated for several hours in the left circumflex coronary
artery . On subsequent dissection. there was no evidence of
thrombus formation, dissection or intimal damage. Histo-
logic evidence of endothelial erosion was not evaluated but
has been assessed in previous studies. These studies using
a Rentrop catheter with a side-mounted crystal revealed the
endothelium to be intact without evidence of erosion (10) .
The placement of the Doppler crystal at the tip of the catheter
in this study would not be expected to change these findings .
In the 28 patients studied with this catheter , including
62 cannulations of human coronary arteries, there were no
complications or evidence of coronary spasm. On subse-
quent angiograms, there was no evidence of coronary dis-
section or thrombus formation . The presence of the Doppler
catheter in the coronary artery was never associated with
angina, ventricular arrhythmia or signs and symptoms of
left ventricular dysfunction.
Limitations of this study. One potential problem in
correlating changes in flow with mean blood flow velocity
is possible change in vessel caliber as flow is varied . If
vessel caliber were to increase after a vasodilating agent
was administered, flow could increase while mean blood
flow velocity remained constant. If the relation between
changes in mean blood flow velocity and flow were to re-
main linear over a wide range, this would indicate no sig-
nificant change in the diameter of the vessel being studied .
Our data confirmed a very linear correlation over a range
of flows (6 to 282 cc/min) when collected in the femoral
artery . Previous studies (4 ,10, II) also showed excellent
linear correlations between maximal flow velocity and flow
over a wide range of flow rates . Studies of compliance
properties of epicardial coronary arteries in dogs provide
further evidence that the caliber of the vessel does not change
with increasing flow (13,14) . Douglas and Greenfield (14)
found a 10% increase in the radius of epicardial coronary
arteries when static pressure was increased to 50 mm Hg.
Only a 3.7 % change in radius occurred when the same
change in pressure was applied dynamically. Cole and Hart-
ley (8) noted that arterial pressure returned to within 5 mm
Hg of baseline at the time of maximal hyperemic coronary
11 ow . They reasoned that any decrease in arterial dimension
secondary to a decrease in arterial pressure would be neg-
ligible .
The normal proximal circumflex arteries of the 25 kg
dogs used in this study were approximately 2 mm in di-
1340 SIBLEY ET AL.
MEASUREMENT OF CORONARY BLOOD FLOW
lAce Vol. 8. No.6
December 1986:t332-40
ameter. This is smaller than the proximal segments of nor-
mal human coronary arteries. The cross-sectional area of
the distal segment of the Rentrop catheter is less than 0.8
mm". In a normal left anterior descending artery, this is less
than 7% of the cross-sectional area of the proximal segment
and less than 22% of the area of a middle segment (15). It
has previously been shown (16) that maximal coronary blood
flow is not affected until at least 36 ± 10% luminal area
narrowing is present. However, one must consider the pos-
sibility that this small coronary catheter could obstruct flow
in arteries that are diffusely diseased.
A major limitation ofour method was the lack ofa direct
correlation of flow and mean blood flow velocity in the
coronary circulation. Although mean blood flow velocity
and coronary sinus flow were positively correlated, blood
flow was not varied over a wide range and the number of
collections was small. The cuff-type Doppler flow velocity
was varied over a wide range by several maneuvers and
correlated strongly with velocity measured by the Doppler
catheter. Blood flow velocity measured by the cuff-type
Doppler probe has been shown previously to correlate highly
with changes in blood flow; however, this is an indirect
correlation of blood flow with mean blood flow velocity.
An experiment measuring coronary blood flow and simul-
taneous mean blood flow velocity would require cannulation
of the distal coronary artery and ligation of its branches.
This is impractical considering the subsequent myocardial
ischemia and probable infarction that would result. The
length of time required to make the alterations in coronary
blood flow over a wide range would preclude this experi-
ment.
Clinical implications. Several previous studies (17,18)
measuring coronary blood flow at rest and during exercise
showed that in normal patients coronary flow increased by
approximately 165% over rest levels. This is similar to the
increases in coronary blood flow velocity after a selective
injection of contrast material (8). rhus, it appears that coro-
nary vasodilator reserve is an excellent measure of the ability
of regional coronary vasculature to increase the flow of
blood to the myocardium it supplies. As Kirkeeide et al.
(I) pointed out, vasodilator reserve is a single integrated
measure not only of stenosis severity and all of its geometric
characteristics, but also of coronary driving pressure, col-
lateral blood flow and vasomotor tone.
The steerable Doppler coronary catheter provides a safe
new method of determining coronary vasodilator reserve in
humans. It has tremendous potential in assessing the phys-
iologic significance of coronary disease in patients with an
anginal syndrome who otherwise appear to have anatomi-
cally insignificant disease. It should be useful in assessing
the neural, humoral and pharmacologic control of coronary
blood flow. The acute and chronic efficacy of coronary
angioplasty may be better assessed with an on-line instan-
taneous measure of flow as the procedure is performed. As
more experience is gained with the Doppler catheter, coro-
nary hemodynamics will playa larger role in our under-
standing of ischemic heart disease.
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